We examined the accumulation of organic solutes under optimum growth conditions in 12 species of thermophilic and hyperthermophilic Archaea belonging to the Crenarchaeota and Euryarchaeota. Pyrobaculum aerophilum, Thermoproteus tenax, Thermoplasma acidophilum, and members of the order Sulfolobales accumulated trehalose. Pyrococcus furiosus accumulated di-myo-inositol-1,1(3,3)-phosphate and ␤-mannosylglycerate, Methanothermus fervidus accumulated cyclic-2,3-bisphosphoglycerate and ␤-mannosylglycerate, while the only solute detected in Pyrodictium occultum was di-myo-inositol-1,1(3,3) -phosphate. Methanopyrus kandleri accumulated large concentrations of cyclic-2,3-bisphosphoglycerate. On the other hand, Archaeoglobus fulgidus accumulated three phosphorylated solutes; prominent among them was a compound identified as di-glycerolphosphate. This solute increased in concentration as the salinity of the medium and the growth temperature were raised, suggesting that this compound serves as a general stress solute. Di-myo-inositol-1,1(3,3)-phosphate accumulated at supraoptimal temperature only. The relationship between the accumulation of unusual solutes and high temperatures is also discussed.
Most microorganisms are able to adjust physiologically, within intrinsic limits, to alterations in the concentration of osmotically active solutes in the aqueous environment. An increase in external osmolarity is accompanied by the accumulation of compatible solutes (osmolytes) to maintain an appropriate turgor pressure and cell volume and permit normal enzyme activity. The extremely halophilic Archaea and a few halophilic anaerobic Bacteria accumulate Kϩ, Naϩ, and Cl Ϫ in response to changes in the extracellular salt concentration, while all other microorganisms examined utilize compatible organic solutes for osmotic adjustment to water stress (12) .
Many of the thermophilic and hyperthermophilic species of the Archaea originate from marine hydrothermal systems and require saline conditions for growth (3) . However, studies on osmotic adjustment within the Archaea have been practically confined to mesophilic, thermophilic, and hyperthermophilic methanogens. The osmolytes identified in these organisms include, among others, ␣-glutamate, N,N-dimethylglycine, glycine betaine, ␤-glutamate, ␤-glutamine, 1,3,4,6-tetracarboxyhexane, N ε -acetyl-␤-lysine, and di-myo-inositol-1,1Ј-phosphate (6, 7, 16, 21, 27, 29) ; ␣-glucosylglycerate was found in Methanohalophilus sp. strain FDF1, but the authors did not believe it to serve as a compatible solute (26) . The investigation of the physiological responses of the nonmethanogenic thermophilic and hyperthermophilic Archaea to water stress has been undertaken only recently and has been limited to Pyrococcus furiosus, where ␤-mannosylglycerate was shown to serve as a compatible solute (19) . This solute also serves as an osmolyte in the thermophilic Bacteria Rhodothermus marinus and Thermus thermophilus (23) and has been identified in Petrotoga miotherma (20) . On the other hand, ␤-glutamate appears to be the primary compatible solute in the hyperthermophilic bacterium Thermotoga neapolitana (20) .
There is also a growing body of evidence indicating that some solutes may stabilize macromolecules under temperature stress. The concentration of di-myo-inositol-1,1Ј(3,3Ј)-phosphate, for example, increases at supraoptimum temperatures in P. furiosus and Methanococcus igneus (6, 19) , while in several thermophilic and hyperthermophilic methanogens high growth temperatures lead to an increase in the accumulation of cyclic-2,3-bisphosphoglycerate (14) . Furthermore, in vitro experiments indicate that both compounds act as enzyme thermostabilizers (14, 28) . It is also worth noting that the two novel solutes, di-myo-inositol-1,3Ј-phosphate and 2-O-␤-di-mannosyl-di-myo-inositol-1,1Ј(3,3Ј)-phosphate, also show increases in their concentrations concomitantly with increases in the growth temperature in T. neapolitana and may have a role in thermoprotection of cellular components in this organism (20) .
Recently, we became interested in exploring biochemical features of thermoprotection and osmoprotection and examined several thermophiles and hyperthermophiles for the presence of organic solutes (19, 20, 23) . Our short-term goals are twofold: (i) to ascertain if the organic solutes that accumulate in thermophilic organisms are significantly different from those used by mesophiles for balancing the osmotic pressure and (ii) to assess the role of organic solutes that accumulate at high growth temperatures in the thermoprotection of cell components.
Here we extend our investigation to 12 species belonging to the Archaea and identify the major organic solutes that accumulate at their optimum growth temperature and salinity. We also report the identification of di-glycerol-phosphate, a new solute that accumulates under salt and temperature stress in Archaeoglobus fulgidus.
MATERIALS AND METHODS
Strains and culture conditions. The organisms and the culture conditions used in this study are listed in Table 1 . Large-scale fermentations were carried out in an enamel-protected fermentor (300 liter, HTE; Bioengineering, Wald, Switzer-land) with the media shown in Table 1 . All organisms were cultivated under anaerobic conditions except for Pyrobaculum aerophilum, Sulfolobus solfataricus, Metallosphaera sedula, Acidianus ambivalens, and Thermoplasma acidophilum (11) . Cell growth was monitored either by direct cell counting or by measuring the turbidity at 578 nm. Cells were harvested during the late exponential phase of growth. After cooling the cultures to 4ЊC, the cells were sedimented with a continuous centrifuge (3,000 rpm; Padberg Z41; Padberg, Lahr, Germany). Cultures of P. furiosus were grown in a 2-liter fermentation vessel with continuous gassing with pure N 2 and harvested as described previously (19) . The effect of the salinity on the synthesis of intracellular solutes in A. fulgidus was examined in media containing 0.9 to 4.5% NaCl. Cultures of A. fulgidus were grown between 65 and 87ЊC in media containing 1.8% NaCl to examine the effect of the growth temperature on the accumulation of intracellular solutes.
Extraction of intracellular solutes, hydrolysis of ethanol extracts, and cell protein determination. Cell samples (20 to 70 mg of protein) were extracted twice with boiling 80% ethanol by the method of Reed et al. (25) , slightly modified as previously described (19) . Ethanol-soluble extracts of A. fulgidus were hydrolyzed with 2.0 N HCl at 100ЊC for 3 h under anaerobic conditions in sealed ampoules. Glycerol content was determined in the extract and in the NaOH-neutralized hydrolysates with a glycerol kinase kit (Boehringer, Mannheim, Germany). Glutamate content was determined with a glutamate dehydrogenase kit (Boehringer). The protein content of the cells was determined by the (4), after lysis with 1 M NaOH (100ЊC, 10 min) and neutralization with 1 M HCl. NMR spectroscopy. All nuclear magnetic resonance (NMR) spectra were acquired with a Bruker AMX500 spectrometer. 13 C-NMR spectra were recorded at 125.77 MHz with a 5-mm carbon-selective probe head. Typically, spectra were acquired with a repetition delay of 5 s and a pulse width of 7 s corresponding to a 90Њ flip angle. Proton decoupling was applied during the acquisition time only, using the wideband alternating-phase low-power technique for zero-residue splitting sequence. Chemical shifts were referenced to the resonance of external methanol designated at 49.3 ppm. 31 P-NMR spectra were recorded at 202.45 MHz with proton broadband decoupling, with a repetition delay of 5 s and a pulse width of 16 s corresponding to a 60Њ flip angle. Chemical shifts are referenced with respect to external 85% H 3 PO 4 .
1 H-NMR spectra were acquired with water presaturation, 6-s pulse width (corresponding to a 60Њ flip angle), and a repetition delay of 10 s. Formate was added as a concentration standard. Proton chemical shifts are relative to 3-(trimethylsilyl) propanesulfonic acid (sodium salt). Quantification of the organic solutes was based on 1 H-and/or 31 P-NMR spectra of ethanol extracts; ␣-glutamate was determined enzymatically. Phase-sensitive nuclear Overhauser effect spectroscopy and proton-homonuclear shift correlation spectroscopy were performed by using standard Bruker pulse programs. Spectra were acquired over a 5-kHz bandwidth, collecting 4,096 (t2) ϫ 512 (t1) datum points.
1 H-13 C heteronuclear multiple quantum coherence spectra (2) were acquired by collecting 4,096 (t2) ϫ 256 (t1) datum points; a delay of 3.5 ms was used for evolution of 1 J CH .
1 H-31 P heteronuclear multiple quantum coherence spectra (2) were acquired by collecting 4,096 (t2) ϫ 256 (t1) datum points; a delay of 60 ms was used for evolution of 3 J PH . Spectra were run at a probe head temperature of 27ЊC.
RESULTS
Determination of organic solutes in Archaea.
13
C-NMR was used to identify major organic solutes in ethanol extracts of 12 species of Archaea. Examples of representative spectra are shown in Fig. 1 . H-NMR was used to confirm identifications and to determine solute concentrations. High levels of organic solutes were detected in all strains, except Pyrobaculum islandicum (Table 2) . Methanopyrus kandleri accumulated very high levels of cyclic-2,3-bisphosphoglycerate, while Methanothermus fervidus accumulated ␤-mannosylglycerate in addition to cyclic-2,3-bisphosphoglycerate. Trehalose was detected at very high levels in P. aerophilum (Table 2) . A. ambivalens, S. solfataricus, T. acidophilum, and Thermoproteus tenax contained lower concentrations of trehalose, while only vestigial levels were found in M. sedula. Some of these organisms also accumulated low levels of glucose. The solutes ␤-mannosylglycerate and di-myoinositol-1,1Ј(3,3Ј)-phosphate were detected in P. furiosus, but only the latter solute was detected in very high concentrations in Pyrodictium occultum. In addition to the identification of ␣-glutamate and di-myo-inositol-1,1Ј(3,3Ј)-phosphate, 13 C-NMR showed resonances of two solutes in A. fulgidus that could not be immediately assigned to known compounds.
Identification of organic solutes in A. fulgidus. The 13 C-NMR spectrum of A. fulgidus grown at 87ЊC was dominated by three resonances at 62.48, 66.75, and 71.11 ppm (Fig. 1C) . A 1 H- 13 C correlated heteronuclear multiple quantum coherence spectrum (Fig. 2) showed that the carbon resonances at 62.48 and 66.75 ppm were due to methylene groups (proton chemical shifts of 3.63 and 3.88 ppm, respectively). Two of the carbon resonances (at 66.75 and 71.11 ppm) were split by coupling with phosphorus nuclei (J PC of 5.6 and 7.6 Hz, respectively); furthermore, a 1 H-31 P correlation spectrum (Fig. 3) clearly showed connectivities between the phosphorus resonance at 1.34 ppm and the proton CH 2 multiplet centered at 3.88 ppm. Acid hydrolysis of the ethanol extracts led to the detection of glycerol, indicating that it was released from the novel compound, and quantification of phosphorus and proton resonances in the same sample permitted the identification of the newly discovered solute as di-glycerol-phosphate.
Six .61 ppm, with phosphorus coupling patterns identical to those found in di-myo-inositol-1,1Ј(3,3Ј)-phosphate], was present in this organism in minor amounts. We confirmed that it is distinct from di-myo-inositol-1,3Ј-phosphate recently identified in Thermotoga spp. (20) , but at this stage a full characterization of this minor solute was not possible.
Effect of salinity and growth temperature on the accumulation of organic solutes in A. fulgidus. A. fulgidus was grown at three temperatures and three salinities. At the lowest salinity (0.9% NaCl), di-glycerol-phosphate was detected at a concentration of 0.12 mol ⅐ mg of protein
Ϫ1
, di-myo-inositol-1,1Ј(3,3Ј)-phosphate and the unidentified isomer of di-inositolphosphate were found in vestigial concentrations, while ␣-glutamate was undetectable (Fig. 4B ). An increase in the salinity of the media to 4.5% NaCl had no effect on the concentration of the two di-myo-inositol-phosphate isomers but led to an 11-fold increase in the concentration of di-glycerolphosphate and an increase of ␣-glutamate to 0.27 mol ⅐ mg of protein
. The intracellular organic solute pool was also profoundly affected by the growth temperature. Organic solutes were not detected at the lowest growth temperature; however, growth at 76 and 87ЊC resulted in a progressive and prominent increase in the levels of di-myo-inositol-1,1Ј(3,3Ј)-phosphate and diglycerol-phosphate, which reached levels of 0.57 and 0.65 mol ⅐ mg of protein
, respectively (Fig. 4A) . The increase of ␣-glutamate was less pronounced, and the unidentified isomer of di-inositol-phosphate remained a vestigial component.
DISCUSSION
In this study, we identified a novel phosphorylated solute in A. fulgidus. Di-glycerol-phosphate appears to serve as an osmolyte, along with ␣-glutamate, because its concentration increased with the salinity of the medium. However, the concentration of di-glycerol-phosphate also increased with the growth temperature and reached levels similar to those of di-myoinositol-1,1Ј(3,3Ј)-phosphate at the highest temperature, indicating that this phosphorylated solute could serve multiple functions related to stress. It has been proposed that trehalose, for example, participates as a reserve carbohydrate and as a general protectant against stress imposed by heat shock, osmotic stress, and cessation of growth (10, 12, 33) . It was surprising that no organic solutes, other than low levels of ␣-glutamate, were detected in A. fulgidus grown at the lowest temperature and at the optimum salinity, but no final explanation can be put forward at this stage. However, it is possible that inorganic ions act as osmolytes under these conditions.
As was observed with P. furiosus (19) and T. neapolitana (20) , the levels of di-myo-inositol-1,1Ј(3,3Ј)-phosphate increased considerably at supraoptimal temperatures in A. fulgidus. It is interesting to note at this point that di-myo-inositol-1,1Ј(3,3Ј)-phosphate was the only major solute accumulated in P. occultum, the most hyperthermophilic organism examined in this study. Furthermore, solutes related to di-myo-inositol-1,1Ј(3,3Ј)-phosphate have been detected only in hyperthermophilic Archaea or Bacteria (6, 19, 20, 28) .
Cyclic-2,3-bisphosphoglycerate was detected only in the methanogenic species, confirming previous results showing that this compound is confined, at present, to methanogens with different growth temperature ranges from several evolutionary lines of descent (32) . The potassium salt of cyclic-2,3-bisphosphoglycerate was proposed to act as a thermostabilizing agent in vitro (14) or as an intermediate in a novel gluconeogenic pathway leading to the synthesis of an unknown polymer (13) . While both functions are not mutually exclusive, further data are necessary to ascertain the role of this solute. It was surprising to detect ␤-mannosylglycerate in moderate concentrations in M. fervidus, since this solute had not been reported before in methanogens; however, a closely related sugar derivative, glucosylglycerate, was detected in Methanohalophilus sp. strain FDF1 (26) .
Trehalose was previously detected in S. solfataricus and A. ambivalens (22) , and its accumulation in the two other thermoacidophiles examined, M. sedula and T. acidophilum, was expected. This common nonreducing disaccharide may serve as an osmolyte in several halotolerant mesophilic Bacteria (8) and in Thermus thermophilus (23) , but it is unlikely that trehalose has this function in T. acidophilum, T. tenax, and the members of the Sulfolobales, because of the very low salt concentration of the media. It should also be noted that, with the exception of T. tenax, all species accumulating trehalose were grown under aerobic or microaerophilic conditions.
The presence of trehalose in the marine species P. aerophilum is very interesting, because it indicates that this solute can also be used as an osmolyte in organisms growing at extremely high temperatures. The closely related nonhalophilic species P. islandicum did not accumulate organic solutes at detectable levels, indicating that growth at extremely high temperatures does not, by itself, lead to the accumulation of a putative thermoprotective agent such as cyclic-2,3-bisphosphoglycerate or di-myo-inositol-1,1Ј(3,3Ј)-phosphate. This conclusion is further supported by our results with nonhalophilic members of the Thermotogales (20) and the Thermococcales (17) .
In this study, we examined the accumulation of organic solutes in 12 members of the two evolutionary branches of the Archaea, the Crenarchaeota and the Euryarchaeota, and we show that organic solutes, several of them unusual, are present in most of these organisms. The data thus far available on the accumulation of organic solutes in thermophilic or hyperthermophilic organisms lead to the following tentative conclusions. (i) The nonmethanogenic Archaea and Bacteria appear to use the same range of organic solutes as osmoprotectants and/or thermoprotectants. Indeed, ␤-mannosylglycerate, glutamate, trehalose, di-myo-inositol-phosphate and related compounds, and even the newly discovered solute di-glycerol-phosphate have been detected within the Archaea and the Bacteria (6, 16, 19, 20, 23, 28) . (ii) The type of organic solutes accumulated is not severely constrained by temperature, since solutes commonly found in mesophiles also accumulate in organisms that grow at the highest temperatures; however, there is a clear correlation between the occurrence of di-myo-inositol-phosphate (and its derivatives) and thermophily, since these solutes are confined, at present, to thermophilic or hyperthermophilic organisms. Furthermore, the data presented here together with previous results point to the existence of a general trend in the accumulation of di-myo-inositol-phosphate derivatives and cyclic-2,3-bisphosphoglycerate as the growth temperature increases, while other solutes, namely, ␤-mannosylglycerate and both isomers of glutamate, accumulate in response to salt . This latter compound was present in significantly lower concentrations, and therefore, the corresponding spectral region is enclosed in a box to highlight the fact that lower contour levels are plotted for this section. The inset shows a schematic representation of di-glycerol-phosphate.
stress (14, 19, 20) . These results can, therefore, be used as starting points for further, in depth research into the role of organic solutes in hyperthermophiles, their biosynthesis, and their potential use in biotechnology.
